To determine how spatial scale is represented in the pyramidal cell population of the hippocampus, we recorded neural activity at multiple longitudinal levels of this brain area while rats ran back and forth on an 18-meter-long linear track. CA3 cells had well-defined place fields at all levels. The scale of representation increased almost linearly from <1 meter at the dorsal pole to~10 meters at the ventral pole. The results suggest that the place-cell map includes the entire hippocampus and that environments are represented in the hippocampus at a topographically graded but finite continuum of scales.
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A lthough the basic intrinsic circuitry of the hippocampus is similar along the entire dorsoventral axis of the structure (1), dorsal and ventral regions may not have similar functions. Dorsal and intermediate regions are preferentially connected, via the dorsolateral and intermediate bands of the entorhinal cortex, to visual and somatosensory cortices important for accurate spatial navigation (2) (3) (4) (5) , and selective lesions in these hippocampal regions can lead to impairments in spatial learning (6) (7) (8) . Pyramidal cells in these parts of the hippocampus have spatially selective firing fields that reflect the animal's location (9, 10) and jointly form a maplike representation of the environment (10) (11) (12) . The scale of this representation increases from dorsal to intermediate hippocampus (13, 14) , matching the progressive dorsoventral increase in the spacing of grid cells in medial entorhinal cortex, one synapse upstream (15, 16) . In contrast, the ventral one-third of the hippocampus has strong connections with a restricted number of interconnected areas of the lateral septum, hypothalamus, and amygdala, both directly and through the ventromedial portions of the entorhinal cortex (2, (17) (18) (19) . Selective lesions of the ventral hippocampus affect autonomic and defensive responses but not basic spatial behaviors (20, 21) . Collectively, these studies imply a functional division in the hippocampus where the dorsal and intermediate parts are more important for spatial behavior and the ventral part is more relevant for emotional and motivational processes. However, such a division does not rule out the possibility that location is represented at all levels of the hippocampus. Spatial inputs may reach even the most ventral cells via the associational networks of the hippocampus (22, 23) or by way of intrinsic connections between dorsal and ventral parts of the entorhinal cortex (3). To determine whether the ventral hippocampus also has place cells, we compared neural activity at multiple longitudinal levels of CA3 in 21 rats (24) . All recording sites were mapped onto the long axis of CA3 ( fig. S1 ). The data were subdivided into three groups based on recording location (dorsal, 7 to 22%; intermediate, 40 to 70%; and ventral, 70 to 100%).
Conventional recording environments may be too small to visualize the most extended hippocampal representations (figs. S2 to S4 and supporting online text). Thus, we tested the animals on an 18-m-long linear track. Well-delineated place fields, defined as spatially stable contiguous regions with firing above 20% of the peak rate, could be found at all longitudinal levels of the hippocampus ( Fig. 1 and fig. S5 ). The representations scaled up between dorsal and ventral recording locations ( Fig. 1) , from an average place field size of 0.98 ± 0.03 m in dorsal hippocampus (mean ± SEM; 111 cells, five rats), to 3.73 ± 0.43 m in intermediate hippocampus (37 cells, three rats), and 5.52 ± 0.54 m in ventral hippocampus (61 cells, four rats). Few fields were longer than 10 m. The relation between recording location and field size was strong (dorsal versus intermediate versus ventral: The size of individual hippocampal place fields can also be estimated by exploiting the fact that place cells exhibit theta phase precession (25) . A place field can be defined as the area between the points on a track where the precession begins and terminates (26) . Running on the 18-m track was associated with theta rhythmicity and phase precession at all dorsoventral recording levels in CA3 (81 place cells; Fig. 2  and fig. S7 ). As the rat crossed the firing field, the firing phase advanced gradually, up to 360°, over successive cycles of the theta rhythm. The strength of precession was estimated for each firing field by rotating the phase by position distribution in steps of 1°across the phase cycle and fitting a linear regression line for each rotation (25, 27) . The rotation that gave the largest explained variance was identified. The slope of the regression line at this rotation (phase change per unit of movement) decreased as the field size increased along the long axis of the hippocampus (Fig. 2) . In the ventral CA3, the phase advance often occurred over distances as large as 10 m (Fig. 2, right) . The mean regression slope changed from -102°± 33°per meter in dorsal hippocampus (t 62 = 3.1, P < 0.005) to -18°± 9°per meter in intermediate and ventral hippocampus (t 37 = 2.09, P < 0.05; group difference: t 99 = 2.3, P < 0.05; intermediate and ventral cells were combined be-cause of low numbers). The 5-to 10-fold increase in the distance covered by one cycle of precession is consistent with the 5-to 10-fold increase in the width of the place fields. Precession over such long distances also implies that the active firing regions in the ventral hippocampus are part of one place field rather than multiple overlapping fields.
The somewhat irregular shape of the ventral hippocampal place fields makes it difficult to estimate field size accurately because the algorithm sometimes cleaves fields as a result of local rate variations (see examples in Fig. 1 and fig. S5 ) and because fields at the end of the track may be truncated. To reduce the impact of these varia-bles, we combined data from multiple recordings in a population vector analysis ( Fig. 3 and fig.  S8 ). Rate maps were stacked separately for left and right running directions, and the length of the track was segmented into 5-cm bins, giving a total of 330 population vectors per running direction after exclusion of the turning points. The correlation between all pairs of population vectors was plotted in a color-coded matrix where the correlation of each population vector with itself is represented along the diagonal (14, 28) . The width of the band of high correlations along the diagonal provides an indication of the size of a typical place field, without the constraints caused by cell-specific rate and shape variations. The mean half-width (at r = 0.50) was 0.81 m for dorsal CA3, 3.71 m for intermediate CA3, and 6.66 m for ventral CA3 (Fig. 3) . The mean width at r = 0.20 was 1.41 m (dorsal), 8.65 m (intermediate), and 13.59 m (ventral). As was true for the analyses for individual cells, the relation between position on the dorsoventral axis and width of the correlated band was approximately linear (Fig. 4) .
This study has two main findings. First, place cells exist along the entire longitudinal axis of the hippocampus, even in the most ventral region where the connectivity with somatosensory and http://science.sciencemag.org/ Downloaded from visual brain regions is less direct (2) (3) (4) (5) 29) . The origin of the spatial inputs to the ventral hippocampus is not known, but spatial information can probably reach ventral parts of the hippocampus both by way of associational fibers from place cells in the dorsal hippocampus (22) and by way of projections from grid cells in the intermediateto-ventral medial entorhinal cortex, if these exist (30) . The presence of place cells in the ventral hippocampus suggests that parts of hypothalamus and amygdala involved in motivation and emotion receive significant information about the general location or spatial context of the animal.
The second main finding is that the scale of the hippocampal representation is topographical- ly graded, much like representations in some sensory maps of the brain (31, 32) . The spatial map expands approximately linearly from a scale of <1 m near the dorsal pole to~10 m near the ventral pole (33) . Within this range, the hippocampus can represent environments at multiple spatial scales and levels of detail, up to a given limit. The upper limit of~10 m may be sufficiently large to enable the hippocampus to form detailed representations of all environments within the rat's home range, which has an average radius of about 30 to 50 m (34, 35) . A challenge for future research will be to determine whether place cells scale up further in mammals with larger territorial radii. Fig. 4 . Spatial scale as a function of position along the dorsoventral (DV) axis of the hippocampus. Scale is expressed as the half-width of the correlated band in the population vector analyses (Fig. 3) , as the average width of the largest place field of individual cells (mean ± SEM), or as the estimated field width based on the slope of the best-fit linear regression line for the position versus phase distribution. The population estimate is more likely to reflect the true spatial scale because the algorithm for detecting individual place fields occasionally divided fields as a consequence of local rate variations.
